simulations, 10 simulated groups, and 100 demes per group. Only outliers above the 99% 2 3 7 quantile of the null distribution were considered as candidates under spatial purifying 2 3 8 selection. parameters. Loci were also mapped to the reference genome of zebrafish (GRCz10) using Genes and Genomes (KEGG) pathway database (Kanehisa and Goto 2000) using the program enriched for further analysis. In total, NGS produced an average of 10.17 million raw reads for each individual. After Genetic diversity and population structure genetic diversity than the others. We also observed that the genetic diversity of the introduced 2 6 2 populations including Malaysia, India and Nepal were significantly lower than that of the 2 6 3 wild populations (P < 0.001, one-way ANOVA test). and India to 0.2399 between Vietnam and Malaysia ( showed slightly lower genetic differentiation with the three introduced populations: Malaysia, India and Nepal, compared to the other wild populations (P < 0.05, paired t-test). For wild 2 7 2 populations, genetic divergence at individual locus was estimated between the most divergent between Nenjiang and Vietnam (14.5%) than between Hanjiang and Vietnam (5.6%).
7 7
Principle component analysis revealed that the wild populations were strikingly differentiated 2 7 8 from the introduced populations (Figure 3a) . For the wild populations, Zhaoqing and Vietnam from the Pearl River System were clearly differentiated from the populations from River and the Heilongjiang River Systems (Figure 3b) . The pattern of genetic differentiation have an origin from the Yangtze River System (Figure 3b ), the population Nenjiang was
further removed from Mantel tests. Interestingly, we identified a strong correlation between 2 8 7 population differentiation and geographical distance (R 2 = 0.876, P < 0.001; Figure 4b ).
8 8
Population introduction history 2 8 9
The phylogenetic tree showed that native populations from the Yangtze River (Hanjiang,
Jiujiang and Shishou), the Heilongjiang River (Nenjiang) and the Pearl River (Zhaoqing and
Vietnam) Systems formed three independent clusters, respectively, with the Heilongjiang
River System cluster located between the Yangtze River System and the Pearl River System and joined into the Pearl River System cluster. Although joined into the Pearl River System, populations within this cluster and was relatively close to the Heilongjiang River System.
9 7
Considering the results of the principle component analysis, population Nenjiang and
Malaysia might have an origin of admixture between the Yangtze River and the Pearl River System lineages ( Figure 5a ). We further inferred the origin of the two populations separately (online supporting Figure S1 ). We found that many more ancestral alleles in the Nenjiang from the Pearl River System (Figure 5b) . However, for the introduced population Malaysia,
only ancestral alleles from the Pearl River System (Zhaoqing) were observed (Figure 5c ). signature of admixture, and this produced decisive effects on the pattern of isolation-by- evidence of isolation-by-distance, a total of 2700 loci that showed significant latitudinal revealed to be outliers by the two F ST based tests.
Within the 2700 loci that showed correlation to latitudinal gradients, 132 were candidates genetic divergence much likely suggests that selection pressure is weak on these loci. In order
to reduce false positives, only loci that were revealed to be under potentially directional
selection by outlier tests, Bayenv or allele frequencies association study, and also showed F ST 3 3 8
of more than the 95% quantile (0.121) of the whole dataset, were retained, which produced 451 loci for further analyses. Among the 451 loci, 84 (18.6%) were annotated as having a gene feature and were further 3 4 2 investigated (Table S1 ). 42.9% (36) of the annotated genes were indicated to be significantly two genes (Table S2) other 8 genes were suggested to be under spatially purifying selection (Table 3) . In this study, we investigated range-wide population structure of native populations and Typically, freshwater fishes are more isolated by various geographical factors than marine
fishes and thus have a lower level of gene flow (Ward et al. 1994) . In this study, we observed
that pairwise population genetic differentiation was very low (F ST , 0.0073-0.0515),
comparable to a previous study using microsatellites (Liu et al. 2009 ). This level of gene flow
across the native populations of grass carp is much higher than the average for freshwater species (Gyllensten 1985; Ward et al. 1994; Cooke et al. 2012) and even higher than some Asian seabass (Lates calcarifer) (Wang et al. 2015a) . Further investigation on genetic
differentiation at individual locus revealed that only < 15 % of total loci showed F ST > 0.1
and no loci had F ST > 0.5. Considering the geographical isolation among the three river
systems, such results are rather unexpected. The genetic distance between the Pearl River System (Vietnam) and the Yangtze River System (Hanjiang) was closer than between the 3 7 7
Pearl River System (Vietnam) and the Heilongjiang River System (Nenjiang), although the latter showed a rather longer geographical distance. Nevertheless, we observed that the Hanjiang and Vietnam. Considering the long aquaculture history of more than 1300 years, Systems, the remaining populations showed a strong signal of isolation-by-distance. This shaping the overall population structure of grass carp, it only showed overwhelming 3 8 9
importance in the Heilongjiang River System.
According to historical records, grass carp was abundant in both the Yangtze River System
and the Pearl River System, and was widely captured from the wild as seeds for aquaculture river systems because they partially overlap in geography (Zhu 1993). For these reasons, the 3 9 5 migration occurred much more naturally and thus the population differentiation showed a 3 9 6 strong pattern of isolation-by-distance. However, we cannot exclude the possibility that 3 9 7
human activities played important roles in dispersal of grass carp. Such gene flow might be
merely induced so randomly with no directional purpose that it has much less effects on 3 9 9
shaping genetic structure than the natural gene flow. System grow slower than in the other river systems due to low water temperature (Cui et al. adjacency. This is the most likely explanation for the low genetic differentiation of grass carp
between the Heilongjiang River System and the other river systems.
1 4
Origins of the early introduced populations
Both in terms of genetic diversity and differentiation, we observed significant genetic
heterogeneity between all of the native populations and the introduced populations including
Malaysia, India and Nepal, suggesting significant founder effects in the introduction of these Native populations from the Heilongjiang River, the Yangtze River and the Pear River Systems were separately clustered into independent genetic lineages, although there was
evidence of population admixture for the Heilongjiang River System. These results provided Pearl River System, which was also supported by the data inferred from ancestral alleles. First, the Pearl River System is geographically more adjacent to Malaysia, India and Nepal Himalaya Mountains. It is a great challenge to introduce fish from these two river systems to data.
5
In total, our data suggest that the native populations might have accumulated enough genetic It is a great challenge to discriminate local selection from neutral processes for organisms that Savolainen et al. 2011; Wang et al. 2013; McKown et al. 2014; Hornoy et al. 2015) . In some
cases, adaptive traits show a specific distribution pattern along specific environmental factors.
5 8
If the estimates of neutral forces are coincidentally varying along the same environmental
factors, the difficulty of disentangling the roles of adaptive driving forces would be greatly obviously not enough to determine if one locus has experienced spatially divergent selection, processes along specific geographical gradients, like latitude. These evolutionary processes 4 6 7
limited the potential to identify the molecular mechanism underlying adaptive evolution to differentiate the footprints of local selection from the currents of neutral evolutionary Our main purpose was to identify individual loci of higher genetic divergence than can be 1990). Nevertheless, the contemporary population structure was significantly shaped by high 4 7 7 levels of gene flow due to both natural and artificial factors. As the Pearl River System and isolation-by-distance. these loci also showed significant correlations between pairwise geographical distance and 4 9 6 genetic divergence. In total, these results suggest a strong background of isolation-by-
distance in the overall population differentiation of grass carp. After removing the loci which only 451 loci were suggested to be under putative directional selection, accounting for 1.3%
of the total loci. This ratio is much less than in previous studies (2.3%-10%) using fish directional selection, 18.6% were revealed to be associated with functional genes. along latitude. In the case of grass carp, the annual average temperature was observed to be 5 1 7
highly correlated to the latitude of the sampling sites (R 2 = 0.992, P < 0.001). However, we
did not find any evidence that the enriched genes were associated to thermal adaptation. This
result might suggest that the latitudinal adaptive distribution of grass carp was not directly habitats.
2 6
In total, the joint application of different approaches identified a promising set of loci that although the underlying causes remain to be elucidated. Nevertheless, spatially purifying We thank Mr. Narayan Prasad Pandit and Mr. Dang Hai Nguyen for sample collection from
Vietnam, Indian and Nepal respectively. This research is supported by the National Key System (CARS-46-04) foundations. Malaysia to the Yangtze River System and the Pearl River System, respectively. The most is assigned into a distinct genetic cluster. 
